Abstract-Long-term recordings of movement in preterm infants might reveal important clinical information. However, measurement of movement is limited because of timeconsuming and subjective analysis of video or reluctance to attach additional sensors to the infant. We evaluated whether photoplethysmogram (PPG), routinely used for oximetry in preterm infants in the neonatal intensive care unit (NICU), can provide reliable long-term measurements of movement. In 18 infants [mean post-conceptional age (PCA) 31.10 weeks, range 29-34.29 weeks], we designed and tested a wavelet-based algorithm that detects movement signals from the PPG. The algorithm's performance was optimized relative to subjective assessments of movement using video and accelerometers attached to two limbs and force sensors embedded within the mattress (five infants, three raters). We then applied the optimized algorithm to infants receiving routine care in the NICU without additional sensors. The algorithm revealed a decline in brief movements (< 5 s) with increasing PCA (13 infants, r = 2 0.87, p < 0.001, PCA range 27.3-33.9 weeks). Our findings suggest that quantitative relationships between motor activity and clinical outcomes in preterm infants can be studied using routine photoplethysmography.
INTRODUCTION
Infants born prematurely (< 37 weeks gestational age) are at increased risk of motor, cognitive, social and behavioral abnormalities that can extend beyond childhood. 1, 17 Minor neurological dysfunction 10 and more severe complications such as cerebral palsy 13 and autistic disorder 15 are often associated with premature birth. It is therefore imperative to better understand the development of physiological mechanisms to preempt or moderate complications at later ages.
Movements in preterm infants have shown to be an important predictor for motor and cognitive abilities and their development. For example, the quality of motor activity of preterm infants early in life is linked to cognitive outcomes at school age. 5 Periods of movement can also correlate with other physiological activities and adverse events in preterm infants, for example episodes of apnea. 16, 26 Therefore, early assessment of motor patterns in premature infants may be important for neonatal care delivery as well as therapeutic interventions that affect long-term outcomes.
To date, there is little knowledge about the normal developmental stages of motor activity in preterm infants. One reason for this lack of knowledge is that there are many constraints on the study of preterm infants because they are extremely fragile. Even though preterm infants are monitored continuously in the neonatal intensive care units (NICUs), most assessments of motor activity have been limited to qualitative observations by clinicians at the bedside or from video recordings. Such evaluation is episodic, subjective, and requires expertise of the clinician performing the evaluation. The procedure is also time-consuming, susceptible to observer fatigue and attention, and suffers from low intra-and inter-observer repeatability. 3 Automated movement recognition has been explored using video motion capture systems, which are costly and difficult to set up in a clinical environment. Other methods to capture movement include sensors attached to the infant, which have limited use because of the lack of validation studies, and the reluctance of approval of the sensors and additional wires for medical use.
Rather than adding more sensors to the infant, we have turned to a sensor that is routinely used in clinical practice, the pulse oximeter probe. This probe, placed on the infants' hand or foot, is an optical sensor that non-invasively measures arterial oxygen saturation and blood volume changes. Importantly, infant movements cause artifacts in the photoplethysmogram (PPG) by generating non-pulsatile mechanical perturbations of venous blood and perhaps other changes in optical coupling between the sensor and the skin. 2, 24 Previous studies on movement-related PPG signals have focused on mitigating its artifactual nature and improving estimation of pulse rate and Sp O 2 : 7, 8, 14, 20, 21 However, these techniques have not explored the usefulness of this movement ''artifact'' per se and how it can serve as a vital signal.
The goals of the present study were twofold. First, we sought to develop a computational method that extracts the artifactual distortions of the PPG caused by movement. We found that a wavelet-based algorithm can efficiently quantify the movement-related perturbations of the pulse signal. The algorithm's performance was optimized relative to subjective assessments of movement in five infants using video and accelerometers attached to two limbs and force sensors embedded within the mattress. Our second goal was to evaluate the clinical applicability of the optimized algorithm to infants receiving routine care in the NICU, using photoplethysmography without the aid of additional sensors. We found in an additional group of 13 infants that the algorithm revealed salient developmental changes in movement activity over a range of post-conceptional ages (PCAs).
MATERIALS AND METHODS

Human Subjects
Eighteen preterm infants were studied at the University of Massachusetts Memorial Healthcare NICU. All infants were spontaneously breathing room air. Infants with hydrocephalus, congenital defects, bronchopulmonary disease, and intraventricular hemorrhage higher than grade 2 were excluded. Eligible infants were identified to the investigators by the attending physician. Written informed consent was obtained from the infant's mother or legal guardian. The study was approved by the University of Massachusetts's Medical School Institutional Review Board for Human Subjects. Table 1 lists subject characteristics and study duration.
Data Acquisition
All subjects were studied in their NICU incubator with a bedside monitor (IntelliVue MP70, Philips Medical Systems, Andover, MA), which displayed electrocardiogram (ECG), pneumogram and PPG signals, blood oxygen saturation (Sp O 2 %), heart rate (HR) and respiration rates. The PPG signal was acquired from the infant's hand or foot using a pulse oximeter probe (Masimo SET LNCS Neo, Masimo, Irvine, CA). A soft foam tapeless wrap (Posey wrap 6554, Posey Co., Arcadia, CA) was placed over the probe to secure it in place and prevent interference from ambient light and optical cross-talk between the sensors. Infants #1-5 were studied to develop and optimize our algorithm using additional sensors to detect movement. For these infants, the mattress was replaced by a specially-constructed mattress (Wyss Institute, Boston, MA) that had four strips of forcesensing resistors (FSR 408, Interlink Electronics, Camarillo, CA) embedded in the mattress foam (Fig. 1) . Further, two tri-axial accelerometers (ADXL, Analog Devices, Norwood, MA) were attached to the infant, one at the same limb of the pulse oximeter sensor and one at another limb at the nurse's discretion. A video camera, placed in one corner of the incubator, continuously monitored the infant (resolution 320 9 240, Edmund Optics, Barrington, NJ). Data were recorded using the Vuelogger TM Patient Monitoring System (Wyss Institute, Boston, MA), which retrieved physiological information from the bedside monitors and time-synced them with signals from the video, the accelerometers, and force sensors in the mattress. The signals were sampled at the following rates: 500 Hz (ECG, FSRs and accelerometers), 62.5 Hz (pneumogram), 125 Hz (PPG), 10 fps (video). The data were streamed to the Vuelogger's hard-disk at the bedside and then were exported for analysis. Infants #6-18 were studied to determine if the optimized algorithm reveals important clinical information regarding the maturation of motor patterns in infants of different ages using routine prolonged continuous recordings of photoplethysmography. These infants received routine NICU care using their standard mattress and monitoring, and there were no additional movement sensors attached to their limbs.
Detection of Movement from Pulse Plethysmograph
The pulse oximeter is a device that measures oxygen saturation of arterial blood (Sp O 2 ) and pulse rate from a source signal, the PPG. Without movement, the waveform is highly periodic with the pulse. 22 Movement disrupts the pulsatile nature of the PPG signal, producing non-stationary fluctuations. While these disruptions by movement are generally considered artifacts that compromise the measurement of pulse and arterial oxygen saturation, we hypothesized that they can be used to measure the onset and duration of movements. Therefore, we designed an algorithm that can identify movement-generated artifacts in the PPG signal.
The algorithm used a wavelet transformation that converts a time signal to the time-frequency domain. For the discrete PPG signal x n , we applied the continuous wavelet transform W n ðsÞ defined as the convolution of x n with a scaled and translated version of a wavelet function w 0 25 :
where N is the number of data points in the time series, n is the localized time index, s is the wavelet scale and dt is the sampling rate of the time-series. By varying s and translating along n, the wavelet transform provides information about the variation in the PPG timeseries at different scales and locations. The scales were represented as fractional powers of two: represents a non-dimensional 'time' parameter and can be denoted as g. The (*) in Eq. (1) indicates the complex conjugate of w(g), which is the normalized representation of the mother wavelet function w 0 (g) to have unit energy and is given by:
The choice of the appropriate w 0 (g) depends on the nature of the type of information to be extracted from the signal. The Morlet wavelet has the best frequency resolution, while Paul wavelet achieves the best time localization because the transform is less affected by edge effects. 18 In previous work with the PPG signal we corroborated these differences between the two transforms 28 and since the main aim of our study was to capture the onset of movement with temporal precision, we used the following Paul wavelet:
The order m controls the number of oscillations in the mother wavelet. Since, smaller values of m achieve better time resolution, 18 we chose m = 4. The result of the wavelet transform is a scalogram, which provides insight into the frequency distribution at every time sample of the signal.
In our previous study, we applied a similar wavelet transform to the entire PPG signal. 28 This method had several limitations: (1) At any given point in time, detection of the movement onset required data from future time points that prevented application of the algorithm in real-time. ( 2) The large sample size N led to a poor accuracy of movement onset and offset detection. (3) Bradycardias reduced the frequency of the pulse waveform, which increased the power in the scalogram. The latter was a serious shortcoming, because its effects on the results were indistinguishable from those of a movement. The revisions of the algorithm developed here removed these limitations.
Real-Time Implementation with Optimal Temporal Resolution
The continuous wavelet transform of the PPG signals was computed in a moving window of N samples and shifted each time by a fixed number of samples. A small window size of N = 200 samples (at a sampling rate of 125 Hz = 1.6 s) was selected to improve the time localization of the wavelet transform (Figs. 2, 3a, and 3b). The wavelet power spectrum, defined as jW n ðsÞj 2 ; was obtained from the continuous wavelet transform of the 200-point time series. This gives the local measure of the PPG energy distribution at each scale s and time (n = 0, 1, 2,…,199) (Figs. 3c and 3d). To obtain an estimate of movement at the last time point in the 200-point window, we used the information from the wavelet power spectrum from 25-time points towards the end of the window: n = 150-174 (time = 3.6-3.8 s in Fig. 3c and 9.6-9.8 s in Fig. 3d ). The last 25 points, n = 175-199 (time = 3.8-4 s in Fig. 3c and 9.8-10 s in Fig. 3d ) of the wavelet power spectrum were excluded, since the wavelet transformation of a finite-length time-series resulted in degraded detection of power at the edges of the window.
The time-averaged wavelet power spectrum over the desired range (Figs. 3e and 3f) for the ith window was then obtained as:
Movement artifacts in the PPG signal consisted of low-frequency interference (< 0.67 Hz), which translated to a Fourier period (k) greater than 1.5 s in the wavelet power spectrum. The relation between the equivalent Fourier period and wavelet scale s for the Paul wavelet is given by:
with the order of the wavelet, m = 4, k ¼ 1:396s: Using this relation, wavelet scales were converted into Fourier periods. The estimate of movement in each 200-point window was taken from the maximum power in time-averaged power spectrum during the Fourier period greater than 1.5 s.
Mov(iÞ ¼ max
The window of 200 points was shifted every 5 points (40 ms) to maintain a good resolution of the estimated movement signal. As the PPG signal was sampled at 125 Hz (8 ms/sample), the estimated movement signal had a sampling rate of 25 Hz (40 ms/sample).
The different steps of the algorithm are shown in Fig. 3 , using the two segments S1 and S2 marked in As can be seen, the non-movement segment has its highest power around a period of 0.43 s, which corresponds to the infant's HR at around 140 bpm. The movement segment shows considerably more power at higher periods (> 1.5 s) corresponding to low-frequency fluctuations in the PPG. The maximum value of the average power at periods > 1.5 s was the estimated movement for each of the two PPG segments. The units of the estimated movement are the same as the units of power of the PPG signal. Since the PPG signal obtained from the NICU monitor was unitless, the estimated movement was expressed in arbitrary units (aus). However, the PPG signal was bounded by a fixed range of values between 1024 and 3072. Therefore, based on this range, the estimated movement was between 0 and 115 au. The algorithm can be imple-mented in real time with a small delay of 200 ms, since at any point in time it only uses time-average power from the previous 200 ms window. It did not utilize any information from data points obtained at a future time step.
To determine the onset and offset of movement, thresholds merely based on the amplitude of the estimated movement were insufficient, because the baseline levels differed across subjects. These interindividual differences could be attributed to differences in peripheral perfusion 6 and/or skin pigmentation. 4 Therefore, thresholds had to be defined by a combination of amplitude, standard deviation and the slope of a preceding window ( Table 2) . We empirically explored these parameters on different sections and different types of movement for all infants. Once set, these parameters remained unchanged and were applied to all infants. Figure 4 shows a longer example of the PPG time series (Fig. 4a) with the estimated movement waveform (Fig. 4b ). Additionally, it shows the binary markers of movement onset and offset of both the algorithm and the raters (see below) (Figs. 4c and 4d). As can be seen, there is a good match of the raw signal with the movement signal and the marking of movement onset and offset.
Bradycardia Correction
One of the challenges was that bradycardia episodes generated low-frequency fluctuations in the PPG signal as the slowing of HR rendered periods > 1.5 s. As illustrated in Fig. 5 , the mean pulse height during nonmovement ( Fig. 5a ) and bradycardia ( Fig. 5b ) was higher than during movement (Fig. 5c ). During bradycardia, the mean pulse width was also larger than that during non-movement segments. This information from the mean pulse height and width was used to first classify a segment as bradycardic. The Fourier period threshold for determining movement from the wavelet power spectrum of bradycardic segments was then increased from 1.5 s to one that was linearly proportional to the width of the PPG cycles using min-max normalization. The new Fourier period threshold was obtained from the mean pulse width (mean HR) of the window as below:
where Pulsewidth mean is the mean pulse width of the window, Pulsewidth max , Pulsewidth min , k max and k min are scaling constants related to the bounds on pulse width and period threshold. Pulsewidth max and Pulse- width min were chosen as the pulse width corresponding to a mean HR of 125 and 150 bpm, respectively. k max and k min were chosen as the period thresholds corresponding to 4 and 1.5 s, respectively. This ensured that during any slowing down of the HR from 150 and 125 bpm, the period threshold was scaled linearly from 1.5 to 4 s. Any HR below 125 bpm used a Fourier period threshold of 4 s.
Manual Annotation by Raters
To validate this new approach of detecting infant movement, three raters annotated, movements from direct video observation along with viewing the timeseries of the limb accelerometers and the mattress sensors. One of the raters is an author, a graduate student in Bioengineering who developed the annotation protocol. He trained the other two raters, who were undergraduate students in Behavioral Neuroscience at Northeastern University. All three raters performed the same procedure to retrospectively evaluate the recordings and were blinded to the results obtained from the wavelet analysis. The raters were not informed of each other's rating until after all rating was completed.
For the scoring, all acquired data were imported into a polysomnography software (Remlogic, Embla, Broomfield, CO) and the raters identified the onset and offset of movement. They also annotated them as either general gross-body movements or location-specific isolated limb movements. All raters followed the same annotation protocol: (1) The video recording was used to screen for the presence of movement. (2) For each epoch of movement appearing on the video, the time of movement onset was determined from the accelerometer and force sensor signals from the mattress; the onset time was noted in the worksheet. (3) The same procedure was used to detect the offset of movement. The onsets and offsets of each movement were subsequently exported for further analysis. In circumstances where a limb of the infant was occluded from the camera view, the accelerometer was used to identify Thresholds are set given a PPG signal with minimum and maximum values of 1024 and 3072 au respectively. For detecting the onset of movement, all three criteria under Condition 1 must be satisfied. For detecting the offset of movement, either Condition 1 or 2 is sufficient. movement. Intervals of interventions by clinicians, such as feeding and medical procedures, had been annotated and excluded prior to the analysis. The total duration of data available for analysis from the five subjects was 20.6 h. The annotations from each rater were divided into 10 s-epochs indicating the presence or absence of movement. The number of movement epochs was normalized to a total valid analysis time in hours. For example, a study with 4 h (or 14,400 s) of valid analysis time was divided into 1440 10 s-epochs; for each rater the number of epochs that included any movement was counted. This number was normalized per hour, since all infants had different recording times. The total number of 10 s epochs in an hour is 360. The total movement duration scored by each rater as a percentage of total valid analysis time was also computed. The reliability of the quantification of the number of movement epochs and movement duration percent between the three raters was calculated using the intraclass correlation coefficient (ICC). 23 The strength of the ICC was interpreted as: 0.00-0.25 negligible, 0.26-0.49 low, 0.50-0.69 moderate, 0.70-0.89 high, and 0.90-1.00 very high correlation. 19 The annotations from the three raters were combined into a single binary time-series showing the presence or absence of movement. The presence of movement required at least two raters to agree upon a time point as movement (Fig. 4) . The dataset from all 18 infants, the annotations from the three raters, and the source code for the wavelet algorithm will be made available through www.Physionet.org.
Performance Measures
The wavelet analysis and the raters' analysis rendered binary signals, indicating presence and absence of movement. Periods of interventions and feedings were excluded from both binary signals. Other exclusions were periods when the PPG probe was disconnected or rendered flat waveforms due to clipping of the PPG signal. A first step in the validation was to classify true and false detections on a pointby-point basis: the number of samples, where the values for both binary time series were 1: TP (true positive) and 0: TN (true negative); the number of samples, where the value for the algorithm was 0 and the raters' analysis was 1: FN (false negative) and vice versa: FP (false positive). Based on these numbers, sensitivity and specificity of the algorithm were computed as follows:
Additionally, the ability of the wavelet-based method to detect the number of continuous movement segments was evaluated. A movement event was defined from the combined rater-based binary time-series showing a continuous segment containing 1's. The total number of movement events was represented by TM. The number of TM's that were detected by the wavelet algorithm was denoted by DM, whereas the number of false detections was defined as FD. Based on these definitions, the true detection rate (TDR) and the positive predictive value (PPV) were calculated as:
The raters had also annotated types of movements such as gross body movement or limb-specific movements (left/right and hand/leg). We used this information to further assess the TDR of our algorithm in detecting movements that originated from the limb connected to the PPG sensor vs. isolated movements of limbs that were not connected to the PPG sensor. This analysis was performed with the individual annotations by each rater.
Application of the Algorithm to Study Maturation of Infant Movement Patterns
To determine whether the algorithm (validated in infants #1-5, Table 1 ) can be used to define movement features that correlate with infant development across PCA, we studied an additional group of infants (#6-18). Movement was classified into three categories depending on the duration of movement periods: < 5, 5-30, and > 30 s. The percentage of movement time in each category was computed and normalized to the total analyzable duration. Periods of interventions and feeding were excluded prior to the analysis. Pearson's correlation analysis was used to examine the relationship between percentage of each movement category and PCA of infant on day of study. A p value < 0.05 was considered significant.
RESULTS
Movement Annotation
From the five infants (#1-5), 20.6 h of data were used to develop the movement algorithm, after periods of intervention and feed had been eliminated. Table 3 summarizes the annotation results obtained from the three raters, who were blinded to the movement signal as derived with the wavelet algorithm. The results of the wavelet algorithm were disclosed after all raters completed their scoring. It took each rater a minimum of 50 h to complete all their annotations of the 5 infants. The ICC calculated for the number of movement incidences showed a high agreement of reliability between the scorers with a value of 0.77 (CI 0.06-0.97). However, the ICC for movement as a percent of total valid time was only 0.39 (CI 0.19-0.89) indicating a low agreement between raters. The total percentage of movement time scored by Rater 3 was consistently higher than that scored by Raters 1 and 2. The reason for this discrepancy was that Rater 3 combined separate movement events into one single movement event, which was based on appropriate subjective interpretation. To compensate for the inter-rater variability, inherent to subjective rating systems, 3 we combined the annotations from the three raters into a single binary time-series indicating the presence or absence of movement. The presence of movement required at least two raters to agree upon a time point as movement in keeping with previous studies. 3 Figure 6 shows an example of the PPG time series during an epoch of bradycardia, together with the estimated movement waveform and the binary markers of movement before and after applying the correction. The PPG signal in Fig. 6a shows segments of nonmovement, bradycardia and movement. The two time series show the movement signal (red) and the binary detection of 'movement' (black) during the bradycardia. In the two time series below (Fig. 6b) , the bradycardia correction was applied and the segment with bradycardia was no longer indicated as movement by the binary marker. The lowest HR that could be detected using this method was limited by the width of the PPG window. This window was 1.6 s in our algorithm, corresponding to a HR of 37.5 bpm which is much lower than the alarming levels in the NICU requiring nurse intervention.
Bradycardia Correction
Detection of Delay and Intra-Movement Gaps
The exemplary binary signals in Fig. 4 highlight two important additional elements of the time series: first, there was a small delay between the onset of the raterbased movement and the onset determined from the wavelet algorithm. This delay is again illustrated in Fig. 7a in a shorter segment of the accelerometer signal with the PPG, movement and binary signal, which showed a clear delay between the accelerometer and the PPG signal. This delay resulted from an instrument-related lag (~1.4 s) in the PPG signal and a second lag related to the wavelet computation (~0.2 s). This second feature arose from the fact that the algorithm tended to break a continuous movement into a sequence of separate shorter movements. This can be seen in Fig. 4c between the 10 and 20 s time interval. The breaking of continuous movement into several segments may have occurred during slower or less forceful movements of the infant within a longer movement, where the PPG signal is not too distorted as seen in Fig. 4a . Therefore, the maximum power of the PPG segments during these sections was occasionally in the non-movement range of period. We therefore estimated the time for which the movement segments should be merged. We estimated the delay and the artifactual intramovement duration by optimizing the similarity between the wavelet-based and the combined raterbased binary time-series. The delay was varied between 0 and 3 s in steps of 0.1 s and the intra-movement merge duration was varied between 0 and 10 s in steps of 0.1 s. For every delay and intra-movement merge duration pair the values of TP, TN, FP, FN, sensitivity and specificity were computed. The optimal delay and intra-movement merge duration were selected as the ones that maximized the Youden Index, calculated as sensitivity + specificity 2 1. The Youden Index was chosen since it gives equal importance to sensitivity and specificity. Any gaps between detected movements of duration less than the mean intra-movement duration from five subjects were merged.
Rather than using each subject's individual optimized parameters, the average estimated delay and intra-movement merge duration from all five subjects were used to compute all performance measures. This approach was chosen, rather than optimizing for each subject, because we wished to apply the optimized algorithm to additional preterm infants (e.g., infants #6-18) from which movement information from video and sensors were not available. The estimate of delay was also subjectively confirmed by selecting a subset of movement events from the limb that held both the pulse oximeter sensor and an accelerometer. To ensure that a movement event was not an effect of the previous movement, the subset contained only those movements that were succeeded by at least 45 s of nonmovement period. Figure 7b shows the results for estimating the optimal onset delay and intra-movement merge duration for a single subject (#4). The Youden Index for each variable combination is visualized by the heat map. For this subject, the maximum Youden Index was achieved at a delay of 1.72 s and with an intramovement merge duration of 5.70 s. The estimated delays and intra-movement merge durations for each subject are summarized in Table 4 . The onset delay ranged between 1.60 and 1.84 s across subjects with an average of 1.74 s. The intra-movement merge interval ranged between 2.70 and 5.70 s with an average of 3.86 s.
Detection Performance
Using the average delay of 1.74 s and average intramovement merge duration of 3.86 s, the sensitivity, specificity and Youden Index for each subject were computed and listed in Table 4 . The algorithm had a sensitivity of 79.6% (SD 7.1%) and specificity of 81.1% (SD 7.1%) in point-by-point comparison of movement with that of the combined rater-based detection. The performance of the proposed algorithm in detecting incidences of movement is presented in Table 5 . In identifying incidences of movement, the algorithm had a TDR of 73% indicating that the algorithm could accurately detect 73% of the combined rater-annotated movement incidences. The PPV was 75.7%. The TDR of the algorithm in detecting incidences of movement that involved movement of the limb connected to the PPG and annotated by each rater was 88.8% for Rater 1 (Table 6 ), 74.1% for Rater 2 and 82.4% for Rater 3. Similarly, the TDR in detecting any isolated limb movement not connected to the PPG sensor and annotated by each rater was 62.5% for Rater 1 (Table 7) , 52.8% for Rater 2 and 52.1% for Rater 3. This indicated that the algorithm was effective not only in detecting movements from the specific limb that it was attached to, but also from other limbs not directly connected to the PPG sensor.
Movement Development Across PCA
To investigate how the percentage of infant movement changed with PCA the Pearson's correlation was calculated for the data from 13 infants. Movements were parsed into three duration categories. Figure 8 displays the results. Short bursts (< 5 s) showed a significant negative correlation with PCA (r = 2 0.87, p < 0.001), indicating that movements such as twitches, startles and isolated short limb movements decreased as infants mature. While the intermediate movement durations (5-30 s) showed no significant trend, the percentage of longer movements (> 30 s) significantly increased with PCA (r = 0.78, p < 0.01).
DISCUSSION
Movement is an important sign of infant health and may provide clinicians with critical information on neurodevelopmental and cardio-pulmonary outcomes. Our work suggests that a routinely recorded signal, the PPG, can serve as a continuous measurement of movement in preterm infants, revealing for the first time a method for monitoring a vital neurological function in this highly vulnerable population.
Optimization
We optimized the wavelet-based movement detection algorithm by empirically correcting for two sources of error: (1) delay in detecting onsets of movement, (2) gaps in movement signal caused by vigorous motion of the sensor.
The average movement onset delay was 1.74 s. A small portion of this delay (~200 ms) was due to a computational lag required to avoid the leading edge artifact of the wavelet transform. 25 The remainder of the delay (~1.5 s) was due to the processing of the PPG signal in the bedside oximeter.
Brief gaps in signal were another source of error, seen as a large, abrupt, and brief drop in PPG voltage during periods of vigorous movement. Our optimization procedure revealed that such gaps were due to movement only if the gaps were up to 3.86 s. Longer intervals were more likely to reflect a true reduction in movement. 7, 8 However, these techniques have not explored the usefulness of the signal to detect movement per se as a vital signal used for clinical assessment. Previously, we applied a wavelet method, based on our preliminary work, to movement detection in infants with neonatal abstinence syndrome (NAS). 27 The analysis did not account for the delay in detection and there were no errors in leading edge detection because only retrospective analysis was considered. Further, infants with NAS are not generally prone to bradycardia, hence effects of bradycardia were not addressed. The algorithm developed here can be implemented in real-time and corrects for any misclassified movement during bradycardia commonly seen in preterm infants. Further, it is optimized with respect to the delay in detecting the onset of movement and the intra-movement gaps that are inherent in the PPG method.
New Window to Study Development of Motor System
Our application of the movement detection algorithm to an additional group of premature infants (#6-18) found that the total duration of brief body movements (< 5 s) decreased with PCA, whereas the duration of longer body movements (> 30 s) increased. These changes indicate maturational changes in the motor control system where simple movements of short bursts, such as twitches, startles and sighs, progress into longer and more complex movements involving the entire body. Our findings are consistent with the developmental patterns found in other studies on premature infants that show a maturational reduction in brief movements, 9, 11, 12 and serve as a separate outcomes measurement that corroborates the validity of our algorithm in a clinical neurodevelopmental context.
Study Limitations
The algorithm had sensitivity and specificity of8 0% when compared with the rater-based detection of movement duration. While these are satisfactory values, there are important limitations inherent to rating movement using videography and movement sensors. Even though the video camera was positioned in the best possible location to capture the entire body of the infant, some extremities often moved outside the camera view or the field of view was obscured by objects used during routine care of the infant. Further, the accelerometer attached to the limbs was highly sensitive to abrupt movements, but insensitive to movements with constant velocity. The mattress-embedded sensors only detected gross body movements that distorted the mattress foam, but failed to detect other types of movement. Although subjective annotations can integrate movement from all sensors, they face an inherent limitation of rater fatigue and other factors that reduce intra-and inter-observer agreement, irrespective of the number of raters, as reported in previous studies. 3 It is important to note that obtaining ground truth for human bodily movements is a fundamental and pervasive problem in all of human movement science. Even using additional markers such as 3D-motion capture of segmental joint movements is limited by occlusion and moving markers on the skin, and implementation of the method would face challenges in the NICU. Our approach in the current study was to use simpler subjective methods to optimize our algorithm. We then sought to test the validity of our algorithm by using a well-known clinical outcomes measure: changes in movement duration across PCA. The results of this application is consistent with the clinical literature, 9, 11, 12 and provides corroborating evidence that the optimized algorithm can yield clinically useful results.
CONCLUSIONS
Movement artifacts that degrade pulse photoplethysmography can be transformed to a signal that reliably measures movement activity in preterm infants. This wavelet-based movement detection algorithm is highly sensitive to gross body and limb movements and follows a maturational change that can be tracked for individual infants across a broad range of PCAs. Our findings suggest that a prospective study using PPG-based movement detection is feasible and can address important questions regarding the relationship between maturation of infant movement and development in a host of disorders, such as autistic and other cognitive disorders as well as a range of motor syndromes and diseases. Early detection might lead to early interventions that can mitigate the severity of these devastating disorders. Furthermore, movement may also provide a vital index of cardiopulmonary risks such as apnea, bradycardia and hypoxia 16, 26 thereby enabling clinicians to implement early interventions that prevent such life-threatening events. Our study is a first step in this direction, introducing for the first time a readily accessible signal in the NICU. However, a larger prospective clinical study is needed to further optimize the algorithm, to better estimate its accuracy, and to predict neurodevelopmental outcome.
